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We modeled and extracted the distribution of interface trap density by grafted molecules on the surface of a silicon nanowire field-effect transistor (SNWFET). The subthreshold current model was employed, and the capacitive coupling model of ideality factor was simplified, using a fully depleted SNWFET. We applied the analytical model to p-channel SNWFET with porphyrin, and extracted the distribution of the molecular interface states. There were 748 and 474 traps (average value) in length (L) ¼ 300 nm and L ¼ 500 nm devices, respectively. The trap energy was in the range of 0.27-0.35 eV. V C 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4834995] Molecular devices are considered as a candidate for next generation devices. However, it is difficult to control direct electrical contact on the molecules. 1 On the other hand, silicon device has already been successfully industrialized for mass production in many applications. To be a mutual help in both devices, there has, recently, been lots of interest in semiconductor-molecule hybrid devices.
2,3 Many of such hybrid devices have molecules grafted on the top of the silicon surface, so that the surface potential is affected by the molecular charges or dipoles. The charge transfer and the dipole moment are related to the threshold voltage (V T ) and the subthreshold swing (SS). 4 In the report, the effect of the charged end-group in molecules on the silicon surface was modeled as an oxide trapped charge on the Si-SiO 2 system. The equivalent oxide charge and average interface charge density were obtained from standard formula. The extraction of the energy distribution of interface states (D it ) is important in the systematic characterization, design, and implementation of integrated circuits. The charge pumping method offers an accurate analysis, but it is ineffective in nano-scale transistors due to a large-scale fixture design. The subthreshold current method, on the other hand, is used for a quick analysis with current-voltage (I-V) measurement. 5 In this work, we report a capacitive coupling model and extraction of molecular interface state (D m ) over the bandgap through an analytic approach combined with the subthreshold current method. The capacitor model is adopted for the fully depleted silicon nanowire field-effect transistor (SNWFET) both with and without the molecular layer. The effect of the grafted molecules is reflected on both the interface trap charge and the ideality factor of the capacitive coupling model for the interfacial modification. We quantitatively extract the energy distribution of D m in a fully depleted SNWFET on which porphyrin molecules were grafted, and find out that there is an interesting energy distribution. The surface potential for the mapping of the gate voltage to the energy level employed the linearly varying potential (LVP) approximation for thin film. ). The Zinc(II) octaethyl-porphyrin (Zn(OEP)) dissolved in ethanol was grafted onto the thin native oxide (NO) on the silicon channel. 7 This metalloporphyrin molecule was used to characterize the molecular interface states from electrical changes before and after grafting. For n-channel MOSFETs with V DS > 3 V th , the drain current (I DS ) for the subthreshold region is described by
with C d ¼ e si /X d as the depletion capacitance and other parameters listed in Table I . The ideality factor (g DV G /D/ s ) is the strength of the coupling between the gate and the silicon channel. The capacitor coupling model 9 for ultrathin pseudo-MOSFET is shown in Fig. 2(a) . In this case, the capacitance of the native oxide (C NO ) on the channel is connected to the floating node and can be neglected. Though there is a non-linear distribution of the potential in the channel region, we employed the LVP approximation 6 to thin SNWFETs. This implies that / s2 finally approaches / s1 for very thin SNWFETs under the subthreshold region. In our analytic model, two potential values are regarded as the same value within an error of 1.2 Â 10 À3 eV/nm according to the simulation result at the threshold voltage, as shown in Fig. 3 . Therefore, we simply obtain the ideality factor (g i ) without a molecular layer as
with C it1 and C it2 as the parallel capacitances. With the molecule bound on the native oxide of the SNWFET, we can also describe the capacitor coupling model as shown in Fig. 2(b) . The capacitance induced by molecules (C m ) is analytically modeled as a series capacitance with C NO . It is known that the electrical potential drop across the grafted molecular layer (V M ) depends on the dipole moment, and V M acts as another gate voltage for the capacitor model. 4 There is a potential drop across the native oxide, but it is estimated to be small with a very thin native oxide layer (1-2 nm) and the high capacitance. Therefore, C NO can be neglected with the subthreshold operation, and C m is directly placed under the influence of / s2 . By employing the LVP approximation, C m shown in Fig. 2(b) finally becomes in parallel with both C it1 and C it2 . Therefore, the ideality factor (g m ) with a molecular layer becomes
From Eqs. (3) and (4), C m in the hybrid device can be obtained as
D m generated by molecules can be expressed as
Therefore, D m can be obtained from the difference of ideality factors. g m and g i are experimentally obtained from I-V measurement data with and without the molecular layer.
We measured the drain current-gate voltage (I SD -V SG ) characteristics of p-channel SNWFETs with and without a porphyrin layer. Measurement was performed in an existing well-shielded room under the dark condition at 25 C and 20% relative humidity, because the porphyrin is a photoactive molecule which is a component of chlorophyll. The bidirectional [%] before and after the molecular attachment. Therefore, hysteresis was considered to be the effect by the device itself and not by the grafted molecular layer. As shown in Fig. 4(a) , the measured data with porphyrin shows left-shifted drain current and increased subthreshold swing regardless of the channel length. We note that the grafted porphyrin acts as negatively charged molecule and static charge, so that the addition of negative charge causes a decrease in magnitude of the threshold voltage. 10 The more important change to characterize D m is the increasing SS. It is clearly observed in the device with L ¼ 300 nm. We extracted physical parameters from the measured data in Fig. 4(a) . V T was extracted by the linear extrapolation method, and the field effect mobility of the holes was obtained through Ás À1 for L ¼ 500 nm. It seems that the mobility is quite low in comparison with previous report on SNWFET. 11 However, the measured SNWFETs are nonpassivated pseudo-MOSFET with edge roughness. 12 For V SD > 3V th , the g i and g m are calculated by Eq. (7)
with V SG smaller than V T and I SD smaller than I Do .
D m caused by the porphyrin layer is shown in Fig. 4 (b) with the trap energy (E t ). The surface potentials for p-channel SNWFETs were obtained from the numerical method without interface traps, and compared with the simulation results by using the LVP approximation. Each gate voltage was mapped to the surface potential referred to the valence band maximum (E V ). In the p-SNWFET, a gate bias-responsive energy range by the subthreshold I-V method is located at
, where p o is hole concentration and n i is intrinsic carrier concentration. 13 Experimentally extracted D m ranges 0.27-0.35 eV. The distribution profile has somewhat limited E t range because the low channel doping for fully depleted SNWFET reduces / f . The doping concentration calculated by standard Monte Carlo simulation is in a range of 10 16 cm À3 as shown in Fig. 5 . The form of D m seems to be one side of a U-shaped interface trap level distribution throughout the forbidden band gap. Like several models for the Si-SiO 2 interface, 5 we presume that this may be from a lack of periodicity of the lattice due to the local strain or local nonstoichiometry because of the attached molecules. The extracted trap densities near the midgap are obtained to be 1.85 Â 10 12 eV À1 Ácm À2 and 7.01 Â 10 11 eV À1 Ácm À2 in L ¼ 300 and 500 nm devices, respectively. They are larger than those of circular nanowires because the silicon dangling bond produces trap levels near the midgap. 11 We also calculated the charge density of the charged end-group in the molecular layer by using N ot ¼ DV T Â C OX /q. They are obtained to be 2.25 Â 10 11 cm À2 and 1.83 Â 10 11 cm À2 in L ¼ 300 nm and L ¼ 500 nm, respectively.
In conclusion, by combining a capacitance coupling model with the subthreshold current method, a new characterization technique has been reported for the energy distribution of the interface states in porphyrin-silicon hybrid field-effect transistors. We expect that this technique can be simply applied to other molecule-silicon hybrid devices. 
